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explosions.
taken at the design stage to reduce, or eliminate, the dangers of such
systems in the LHC areas to the problem, in order that precautions can be
This paper is aimed at drawing the attention of designers of cryogenic
do in the formation of ozone in atmospheric reactions.
they do seem to play a catalytic role in the formation of ozone, as indeed they
it is not suggested that these compounds are the primary cause of explosions
There is also evidence that oxides of nitrogen are formed and although
radiation on oxygen dissolved in liquid nitrogen.
rapid decomposition of ozone, which is formed by the action of ionising
It is now widely accepted that the explosions are caused by the very
have been exposed to ionising radiation.
occurred in dewars and cryogenic systems containing liquid nitrogen which
proposing mechanisms as to their cause. The majority of these incidents have
Numerous papers have been presented describing these explosions and
Explosions in cryogenic fluids were first reported in the early l950's.
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fluids became available in sufficiently large quantities. OCR Output
the first experiments being reported at the end of the last century, when these
The study of chemical reactivity at cryogenic temperatures is not new,
temperatures forms a vital part of the proceduref
have been described in which some operation requiring cryogenic
below about 100 K , but, on the contrary, many significant chemical syntheses
It might be supposed that chemical reactivity ceases at temperatures
2. HISTORIC
systems.
systems and are accounted for (or should be) in the design of all CERN
in this paper to treat these phenomena as they are common to all cryogenic
resulting in the eventual catastrophic boiling of the contents. It is not intended
insufficient pressure relief, "roll-over" of the contents, or superheating
liquefied gas containers have been caused by overpressure coupled with
necessary to minimise explosion hazards in the LHC. Other explosions in
and suggest precautions that may be required, or, further work that may be
fully understood. In this paper we review the existing literature on the subject
The mechanisms of these explosions are very complex and are not yet
where explosions have occurred.
radiation, as they are of the same magnitude as those reported in the literature
These values give cause for concern, particularly in the case of gamma
(6)doses in the order of 2,3 . 105 Gy.yr ·l. and neutron fluxes of 1O9n.cm‘2.sec‘1
higher than those reached in existing LEP areas with projected integrated
Radiation levels in the proposed LHC experimental areas will be much
MeV electrons for 4 minutes (3)
for a matter of two to three hours(5), and irradiation by a beam of 20uA of 2.0
gamma radiation in the order of 1O4Gy.("·) neutron fluxes of 10l2n.cm‘2.sec‘1
Explosions have occurred in cryostats that have been subjected to doses of
ionising radiation, for which, at the time, there was no explanation.
including some at CERN, notably in liquid nitrogen systems, after exposure to
However under certain conditions explosions(l·2»3) have occurred,
toxic and generally regarded as posing little hazard.
experimental and other purposes because they are inert, non flammable, non
used for many years to provide low temperature environments for
Cryogenic fluids such as Liquid Nitrogen , Argon and Helium have been
shatter the internal components of cryostats or cryogenic containers. It OCR Output
only milligram quantities of ozone. Sufficient explosive power is generated to
cryostats of liquid nitrogen, and also in small, open glass vessels containing
Violent explosions have occurred in experiments being conducted in
will not accumulate.
explosions, but this is thought unlikely as it is so reactive that the molecules
excited molecules of nitrogen, may be formed and be responsible for the
lt has been suggested that "active" nitrogen, consisting of atoms and
effect.
the explosions but they seem to enhance the yield of ozone by a catalytic
irradiationlil. It is considered that the oxides of nitrogen are not the cause of
has been reported at the bottom of liquid nitrogen cryostats after
and N2O5)and indeed the presence of a "sludge" of oxides of nitrogen(10’u)
may also result in the formation of oxides of nitrogen (NZO, NO, NO2, NZO4
As well as the production of ozone the irradiation of liquid nitrogen
the toxic and explosive properties of the gas.
are produced when oxygen is subjected to irradiation, but in particular due to
special interest not only because of the relatively high yields of ozone which
The generation of ozone during the operation of an experiment is of
quantities of dissolved oxygen present in the liquid nitrogen.
generation was due to the action of ionising radiation on the relatively small
being produced during the irradiation of material samples and that the ozone
It soon became clear that significant quantities of ozone (O3) were
nitrogen.
water vapour from the air are condensed and become dissolved in the liquid
come into contact with air. Due to their higher boiling points, oxygen and
relatively pure, however, it may easily become contaminated if it is allowed to
contaminants. Commercial liquid nitrogen when delivered is usually
experiments, and therefore attention became focused on the possible
Liquid nitrogen was mainly used as the cooling media for these
that some form of radiochemical reaction was taking place.
or as a result of design or operational errors, but it gradually became clear
thought that the cryostat exhausts had become blocked by the formation of ice
reported for which there were no apparent explanations(3·5»8»9). At first it was
effects of radiation on materials at cryogenic temperatures, explosions were
As more research work was carried out, during the l950's, into the
3. EXPLOSIONS
availability has seen a multitude of uses in many fields.
advent of the space and nuclear industries, their low cost and widespread
Large scale use of cryogenic fluids began in the early l950's with the
colour has been reported by many workers in liquid nitrogen after irradiation. OCR Output
Liquid oxygen and ozone have a pronounced blue colour and this
remain in solution as a dissolved solid.
ozone. Therefore any ozone absorbed in either liquid nitrogen or argon will
condensed oxygen will remain. This is even more pronounced in the case of
refilled before all the nitrogen has been allowed to boil off, then any
oxygen enrichment occurs as the liquid nitrogen boils off. If the cryostat is
Since liquid oxygen is less volatile than either liquid nitrogen or argon,












FLUID Boiling Pt. K(@1atm) | Melting Pt. K (@1 atm.)
Table 1.
with those of oxygen, ozone and the principal oxides of nitrogen are given in
The physical properties of the principal inert cryogenic fluids, together
4. 1. General
4. PHYSICAL PROPERTIES OF CRYOGENIC ELUIDS
such as epoxies can trigger this type of explosion.
appears that shock, local heating or even the presence of solid organic resins
Table 2, Ozone concentrations required to cause explosion OCR Output
Argon 85.0 8.3 4.9
Nitrogen 77.0 4.4 5.8
78.4 6.3Oxygen 6.4
(Streng) (CEA)
Mole % [ explosion occurred
Temperature K [ O3 concentration [ Mole % at which
Theoretical min. [ O3 Concentration
values proposed by Streng.
have been observed in Ar/O3 mixtures at ozone concentrations below the
a l'energie atomique (CEA)" (16) confirms this earlier work, but explosions
N2/O3 or Ar/O3. Experimental work carried out by the French "Commissariat
the concentration, but also upon the temperature of the mixture of O2/O3,
Streng(l5) found that this phase separation is dependent not only upon
probability of explosion.
phase separation occurs giving a layer rich in ozone which enhances the
some critical value before explosions can take place. Cook et al.state that(l4l
Chen et al.postulate that the concentration of ozone needs to reach(5)
4. 2. Critical Explosive Concentrations
TNT are very similar, at about 6000 m.s‘
measured as 4.686 k].g·U3. Also the speed of detonation of pure ozone and
experimental value for the energy of explosion of TNT which has been
This energy of explosion, or decomposition, is similar to the
AH L- - 3 km-1
—-——> 3/20g
l2l·energy state) i.e. forming oxygen and releasing a large quantity of energy(
Explosions occur as ozone is rapidly reduced to oxygen (at a lower
violence.
spontaneously, but under certain conditions it can decompose with explosive
At temperatures below 90 K ozone is stable and does not decompose
(e.g. NO) , or by ionising radiation.
increased by the catalytic action of certain metals, the presence of other gases
spontaneously if only relatively slowly. However the rate of decomposition is
At ambient temperature ozone is known to be unstable, it decomposes
are irradiated is of the order 100 times more than for the same gases at OCR Output
It is evident from table 3 that the ozone produced when liquefied gases
Table 3, Ozone formation in technical 8: liquefied gases
1.3. 10‘Helium
1.34.10 1.05 . 10‘Argon
1.65. 10Liquid Nitrogen 1.17. 103
45 11Gaseous Nitrogen
1.5 . 109Liquid Air 5 . 104
2.90. 104.02. 106Air
2.7. 109 2.28. 10Liquid Oxygen
9.40 . 10Gaseous Oxygen 9.7
E = 104 Cy· (mg-m‘3) I E = 104Gy. (mg.m‘3)
irradiated medium | O 3 concentration at | NO2 concentration at
to be 0.5%.
Dmitriev. The impurity concentrations (Og?) of the inert gases was assumed2O
formed in various technical and liquefied gases on irradiation as found by
Table 3, gives the concentrations of ozone and oxides of nitrogen
play a complex role and can radically affect the steady-state yield of ozone.
suggested in a theoretical study carried out by Breretonlz. Impurities also
steady state concentration of ozone was dependent on dose rate. This is also
is dependent on dose at low doses but independent of dose rate, however, the
Experiments by Sears ]. T. et al.(l9l, suggest that the formation of ozone
verify this.
of liquid nitrogen , but to date little concrete work has been carried out to
The formation of ozone in liquid argon is thought to be similar to that
nitrogen containing 52ppm oxygen , 2.6 molecules/ 100eV.
104 ppm oxygen, 5.7 molecules/100eV, is only 2.2 times that found in
concentrations. For example, ozone formation in liquid nitrogen containing
and shows that ozone production is relatively efficient even for low oxygen
where Gg is the ozone yield, 12.5 molecules / 100eV, from pure oxygen at 77 K,
This is valid for oxygen concentrations in the range 52 - 8,75 . 104 ppm,
G(e) = Coe + (8,05 + 1,29log e)
100 eV, could be expressed as
Gaultugl. It was found that G(e), the number of ozone molecules formed per
exposed to ionising radiation was measured by Riley(l7). and later by
The amount of ozone formed in liquid nitrogen - oxygen mixtures
explosion when warming up the system. OCR Output
accumulating relatively large quantities of ozone, with the consequent risk of
dilute solutions, but this should not be considered as there is a risk of
Activated carbon has a high adsorptive capacity for ozone even from
also be employed to destroy ozone.
copper are efficient at reducing ozone to oxygen. Certain metal oxides may
nitrogen, indicate that platinum, palladium and to a lesser extent silver and
catalytic decomposition of ozone in solution, in either liquid oxygen or
Studies by d'Emel' Yanova et al.(23/24)and Dewanckel et al.(25), into the
processes at cryogenic temperatures.
ambient temperatures, but little work has been carried out into these
Catalytic decomposition, or removal of ozone has been studied at
7. REMOVAL OF OZONE
phenomena.
important to chose materials with low wetting properties to limit this
vessel wall due to the preferential evaporation of the liquid nitrogen. lt is
Ozone may concentrate at the interface of the liquid surface and the
employment, and that of similar compounds, in cryostats.
formation of ozonides. Careful consideration should be given to their
catalytic roles in the decomposition of ozone(4), this may be due to the
polystyrene, which both contain double bonds, are known to play important
ozonides, which are subject to sudden decomposition(22), and as araldite and
Unsaturated organic compounds react with ozone to produce
cryostat.
of ozone can be dependent on the material in contact with the fluid in the
Work carried out by Douglas ]. E. et alum), show that the production
reactions.
ozone and that this formation must be, at least in part, due to surface
the construction of the cryostats play an important role in the formation of
A number of reports in the literature suggest that the materials used in
6. CRYOSTAT CONSTRUCTION
an important role in the reactions leading to the formation of ozone.
smaller concentrations than ozone. Nevertheless oxides of nitrogen may play
ambient temperatures and that oxides of nitrogen are formed, albeit in much
27liquid helium cryogenic systems exposed to ionising radiation(. This OCR Outputformation and explosion in solid air condensed on external cold spots of
in irradiated liquid helium. However there have been reports of ozone
incidents due to the problem of ozone formation and explosive decomposition
explosions have occurred. As far as we are aware there have been no reported
nitrogen and argon will be present, for it is in these systems that most
This report has concentrated on the experimental areas where liquid
be accepted.
the risk to the cryogenic systems in the LHC experiments is such that it cannot
systems for the removal of ozone as it is formed should the studies show that
cryogens exposed to ionising radiation and it may be necessary to design in
It would be wise to monitor continuously the oxygen level in the
liquid nitrogen not exposed to ionising radiation.
circuits filled with pure liquids cooled by heat exchange with commercial
oxygen within the radiation field, for example using closed cycle secondary
design stage, to reduce the potential danger by minimising the quantity of
It is of primary importance that these problems be addressed at the
cryogens by oxygen unless special precautions are taken.
complexity of the system could well facilitate the contamination of the
to create dangerous amounts of ozone in liquid nitrogen, or, argon and the
Calorimeter end caps). The total annual dose will fall within the range known
of cryogenic liquids will be found in zones of high radiation (e.g. EM
cryogenic systems being proposed for the LHC experiments, since quantities
The above mechanism appears to represent a serious risk to the
less clearly understood.
much less a function of the initial oxygen content. The effect of the dose rate is
The quantity of ozone formed is a function of the total dose and very
instance, liquid argon systems.
nitrogen systems have been exposed to ionising radiation than have, for
nitrogen systems may simply be due to the fact that many more liquid
the formation of ozone, but the preponderance of explosions in liquid
There is some evidence that nitrogen plays a role in the reactions leading to
by the irradiation of oxygen impurities dissolved in the cryogenic liquid.
foreign matter such as dust particles acting as catalysts. The ozone is formed
polymeric materials in the construction of the cryostat or the presence of
explosive decomposition of ozone, initiated by shock, or by the presence of
in liquid argon. The mechanism for the explosions is almost certainly the
which most explosions have taken place has been liquid nitrogen, with a few
radiation may be gamma rays, electrons or neutrons. The cryogenic liquid in
cryogenic liquids can occur when these are exposed to ionising radiation. This
It has been shown at CERN, and at other places, that explosions in
their help and encouragement.
wise have been able to do. Also T. Ninikoski, L. Leistam and K. Potter for
These have enabled us to do a more complete search than we would other
temperatures, for their contributions with respect to bibliographic references.
Mardion, of Commissariat a l'énergie atomique, service des basses
C. Cadwallader of Idaho National Engineering Laboratory and G. Bon
We are indebted to S. Brereton, of Lawrence Livermore Laboratory, L.
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